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Osteogenic medium induced a marked extracellular matrix mineralization and alkaline phosphatase activation in LGC, clearly detectable after two weeks, while the process was much lighter in GGC, where it became evident after 3 weeks. Osteocalcin and Runx2 expressions were upregulated and sternness markers downregulated by osteogenic medium.
Implants retrieved 8 weeks after transplantation, had viable GC surrounding the several nodules of calcifications recorded. Similar effects were induced by GG C and LGC.
Conclusions These data confirm the sternness properties of GC, show that in vitro expansion cause a progressive de-differentiation of granulosa cells without affecting their staminality and demonstrate that both GGC and LGC have ostegenic potential, luteinizing cells being the more efficient. Transplanted in SCID mice, GC participate in new bone formation thus confirming their therapeutic potential.
Background
Adult stem cells are undifferentiated cells, located among specialized cells in a tissue, that can self renew an differentiate to yield some or all of the major specialized cell types of the same tissue or organ. The primary roles of adult stem cells are to maintain and repair the tissue in which they are found.
These cells have been found in many more tissues than expected and their ability to transdifferentiate towards cell types different from those of the tissue they are derived from has attracted the attention of researchers and clinicians.
If one considers that, in addition, these cells rarely have oncogenic deviations, as it occurs with a worrying frequency in transplanted embryonic stem cells [1, 2] , their therapeutic potential becomes even more robust.
Unfortunately only a small numbers of stem cells can be recovered from the body, their self-renewal capacity is limited and this makes generation of large quantities of stem cells difficult. Scientists in many laboratories are trying to find better ways to grow large quantities of adult stem cells in vitro still preserving their regenerative potential.
Moreover in most cases adult stem cells are retrieved through surgical procedures that provide heterogeneous pools of cells that must be purified before expansion in vitro [3] [4] [5] [6] .
This selection-further reduces the number of stem cells to work with.
Despite these technical limitations, adult stem cells are presently the type of stem cell that is more close to clinical application in a number of fields. The autologous trans plantation of these cells allows to avoid immune reaction problems encountered with embryonic stem cell lines [7] and the increasing number of potential sources, from the bone marrow to the adipose tissue to the teeth pulp [8] [9] [10] [11] [12] [13] [14] [15] [16] , that are being identified, partly compensate for the low number of cells that can be collected and foster the diffusion of these cells in regenerative medicine.
In this context ovarian granulosa granulosa cells may represent an interesting alternative source of adult stem cells [17] . Follicle derived granulosa cells express sternness markers and have been shown to differentiate into different cell types not present within the follicles [17] , thus representing a new cell type to be used in cell therapy.
Granulosa cells are easy to collect, relaying on the well-established techniques for oocyte retrieval developed for assisted reproduction protocols, and the cell population isolated form one follicle is substantially homogeneous and therefore don't require any purification step. However, during the reproductive life, there is always a complex set of follicles, from growing to pre-ovulatory to regressing atresic follicles, that populate the ovary, each of them with granulosa cells in quite different functional conditions. The original investigation [17] refers to LGC recovered from the preovulatory follicles from patients treated for oocyte retrieval. The ovulatory surge of luteinising hormone (LH), or the administration of LH -like drugs, initiates the preovulatory phase culminating in the extrusion of a fertilizable oocyte and remodeling the follicle into a functional corpus luteum (CL). This differentiation of granulosa into luteal cells, known as luteinisation, is associated with the abrupt exit of granulosa cells from the cell cycle [18] [19] [20] [21] . Therefore luteinising granulosa, at a final stage of differentiation and in a condition of cell cycle block, may not express the best staminality that these cells could offer. Alternatively granulosa cells could be retrieved from growing follicles before the pre-ovulatory gonadotropin surge and hence before luteinisation, e.g. in a condition of active proliferation and before the final differentiation.
The present research has been designed to address this issue and in particular to investigate whether granulosa cells isolated from pre and post gonadotropin surge follicles differ in the expression of sternness factors such as Sox2, Nanog and TERT, in their expansion potential and in their ability to undergo osteogenic differentiation. The results reported collectively confirm the staminality of these cells, show that granulosa cells progressively lose their original ovarian characterisitcisitcs during expansion in vitro while they keep on expressing sternness markers and demonstrate that they can promptly undergo osteogenic differentiation both in vitro and in vivo. Investigations in vitro revealed that granulosa cells derived from luteinising follicles have better osteogenic potential than those derived from growing follicles.
Methods

Animals and granulosa cells isolation
Prepubertal large white gilts with an average weight of 90 kg were used. Growing and luteinising follicles were obtained as previously described with a combination of eCG and hCG administrations [22, 23] . Follicular growth was induced by subcutaneous injections of 1250 I.U. of eCG (Folligon; Intervet, Boxmeer, The Netherlands) followed 60 h later by 750 I.U. of hCG, that mimic the LH preovulatory surge, to triggers the ovulatory phase that eventually leads to ovulation in 40-44 h.
Growing follicles were isolated from the ovaries of 3 gilts slaughtered 50 h after eCG while luteinising follicles, committed to ovulation, were isolated from the ovaries of 3 gilts slaughtered 30 after hCG. The follicles were individually isolated with the aid of the stereomicroscope. Healthy follicles, as indicated by the transparent and vascularized wal l, with a diameter > 4mm for eCG and eCG-hCG treated gilts were selected, opened using 110 watchmaker forceps, turned inside out [24] and granulosa cells were gently scraped away in from the internal face of follicle wall. When the follicles were opened, care was taken to recover cumulus oocyte complexes in order to evaluate the condition of the cumulus mass and the meiotic maturation of the oocyte. For this purpose the oocytes were denuded by repeated aspirations through small bore glass pipettes and stai ned with lacmoid (Sigma Chemical Co. St. Louis, MO) for the identification of the stage of meiosis. Growing follicles used in the following experiments contained compact cumulus -oocyte complexes with the oocytes in a condition of complete meiotic arrest at the germinal vesicle stage. This allowed us to exclude that these follicles had not been exposed to an undesired endogenous preovulatory gonadotropin surge eventually released in response to the increased steroidogenesis caused by the treatment with eCG. On the contrary, luteinising follicles isolated after hCG injections, contained cumulus -oocyte complexes with marked signs of expansion and all the oocytes analysed had resumed meiotic maturation, the vast majority of them (27 out of 33, 82%) being at the metaphase I stage. This confirms that these follicles had been committed to ovulate.
Granulosa cells from growing follicles , then defined as GGC, and granulosa cells from luteinising follicles, defined as LGC, were pooled, washed in PBS-BSA through two successive centrifugations and used in the following experiments.
Granulosa cell expansion
Granulosa cells were cultured in growth medium consisting of aMEM supplemented with 20% FCS, 1% Ultraglutamine, 1% Penicillin/Streptomycin and 10 ng/ml EGF (Sigma Chemical Co. St. Louis, MO). Cells were seeded in 50 ml flasks at a concentration of 3 x 10 3 cells/cm 2 and incubated at 39°C in 95-5% air-CO 2 atmosphere. At 80% confluence the flasks were washed to remove dead cells and debris, plated cells were dissociated by 0.05% trypsin EDTA and plated again at 3 x 10 3 /cm 2 for 3 consecutive expansion passages.
Differentiation in vitro
The plasticity of granulosa cells was assessed by evaluating osteogenic differentiation following culture in standard osteogenic medium. Granulosa cells were seeded at the concentration of 2 x 10 4 in 35 mm wells and cultured in 2ml of growth medium for 2 -3 days. At this time of culture, when the cells were approaching confluence, the growth medium was replaced by differentiation medium (aMEM supplemented with 50 |jM ascorbic acid, 10 mM (3-glicerol phosphate, 0.2 u.M dexamethasone and FCS reduced to 10% [25] [26] . The culture medium was replaced three times a week and the degree of osteogenic differentiation was tested after 14 and 21 days of culture. Cells cultured in growth medium were taken as controls.
Differentiation in vivo
The differentiation capacity of granulosa cells in vivo was assessed by subcutaneous implant of scaffolds loaded with granulosa cells on the back of immuno -deficient mice. 
Analysis of cell characteristics
Follicular cell characteristics
The production of progesterone, estradiol 17(3, the expression of FSH receptors and the incidence of inhibin secreting cells were investigated in granulosa cell preparations immediately after collection, after expansion in vitro and after differentiation in vitro in order to evaluate whether these activities, typical of granulosa cells, were maintained throughout the expansion and the successive differentiation phases.
For the analysis of steroid production, granulosa cells were incubated in growth medium at the concentration of 1 x 10 6 cells/0.5 ml in 1.5 ml eppendorf tubes under gentle agitation.
After 3 hours the tubes were centrifuged at 1000 g X 10 min and the supernatant was collected for the assessment of estradiol 17(3 or of progesterone released in the medium. The expression of FSH receptors was evaluated by RT -PCR using specific primers listed in Table 1 .
Assessment of stemness markers
Granulosa cells immediately after collection, after expansion and after differentiation in vitro were investigated for the expression of sternness markers by RT-PCR using the primers summarized in Table 1 . The evolution of sternness markers production in granulosa cell preparations throughout the different experimental phases was assessed by immunocytochemistry using species specific antibodies. 
Assessment of osteogenic differentiation
The differentiation capacity of granulosa cells isolated from growing or luteinising follicles was evaluated after 14 and 21 days of culture by analysing extracellular matrix mineralisation, alkaline phosphatase (ALP) activity and the expression of the bone related genes osteocalcin and RUNX2. 
RT-PCR Analysis
Total RNA was extracted from 1 x 10 6 granulosa cells using TRI Reagent 
Assessment of new bone formation in transplanted cell-loaded scaffolds
For a general overview, implant sections were stained with hematoxylin and eosin (H&E).
To identify mineralization, a staining according to von Kossa in 5% AgNO for 1 h, exposed to a 60 W bulb, was performed.
Statistical analysis
All data were expressed as mean (± S.D.). The results of immunocytochemical, gene analysis and the effect of differentiation were compared by one -way ANOVA followed, when required, by Tukey's test (Orion Software Development, Version 2.0, Longmont CO).
Differences were considered significant for P < 0.05 values.
Results
Granulosa cells from growing and luteinising follicles
A large number of granulosa cells could be isolated from each follicle (ranging from 4 to 5
x 10 6 cells/follicle), independently of the hormonal treatment.
LGC produced higher levels of progesterone than GGC as shown in Freshly isolated granulosa cells showed a widespread production of inhibin that involved about 70% of the cells regardless of the treatment (Table 2 ).
Granulosa cells typically expressed FSH receptors. The semi -quantitative analysis of RT-PCR data revealed higher levels of expression in LGC than in GGC although the difference did not achieve statistical significance (Table 2) .
RT-PCR showed that granulosa cell preparations expressed Sox2, Nanog and TERT (Figure 1) immediately after isolation. The analysis of the sternness marker production at the single cell level revealed that the vast majority of the two granulosa cells types expressed the sternness markers Nanog and TERT ( Figure 2 ) while a slightly lower proportion of cells, ranging from 60 to 70%, expressed Sox2 ( Table 2 ).
Effect of in vitro expansion
Granulosa cells expansion in vitro caused an overall reduction of granulosa cell characteristics without affecting sternness markers expression as shown in Table 2 .
The steroidogenic activity of both preparations progressively decreased with estradiol levels falling more rapidly than progesterone ones (Table 2) . After three passages (corresponding to about 15 doublings in 24 days of culture) the estradiol and progesterone levels have dropped to approximately 1/100 and 1/10 of initial values, respectively.
The progressive reduction in steroidogenic activity of granulosa cells is paralleled by the rapid reduction of inhibin positive cells that, in fact, at the end of the third passage, were virtually absent (Table 2 ) in all the slides analysed.
Analogously, the expression of FSH receptors dropped throughout the expansion; at the first passage the cells had reduced their receptor concentration to about 1/3 of the level recorded immediately after isolation (data not shown) in both cell types and by the third passage the levels of expression were only barely detectable as shown in Table 2 .
On the contrary, expansion did not substantially affect the expression of sternness markers: Nanog and TERT were expressed in more than 95% of the cells analyzed after three passages and Sox2 expression, although at lower levels, was retained on nearly constant values (Table 2) . No different behaviours were recorded in the two cell preparations throughout expansion in vitro.
Osteogenic differentiation in vitro
The (Table 2) .
New bone formation in vivo
After 8 In detail, the present investigation demonstrates that high numbers of granulosa cells can be isolated from antral follicles with an average of about 5 x 10 6 cells per follicle.
Immediately after isolation, granulosa cells displayed the typical characteristics of constituents of ovarian follicle walls: they were steroidogenically active, with a progesterone/estradiol ratio reflecting the stage of the follicle they were derived from, they synthetized inhibin and showed a wide expression of FSH receptors. At the same time, granulosa cells expressed typical sternness markers, such as Nanog, Sox2 and TERT, consistent with what previously reported [17] . In this study, that originally described the staminality of granulosa cells [17] , the cells were first FACS sorted by the presence of FSH receptors. By contrast we decided not to carry out any purification step because none of the parameters generally used to divide granulosa cells in sub-populations (e.g. steroid production, receptors etc) has any known relationship with the potential staminality of the cells. Moreover the majority of these markers, as shown in our own paper, are rapidly switched of in culture. Therefore, based on the sternness marker expression an d the widespread differentiation potential, we considered granulosa cells homogeneous cell population from the point of view of their staminality.
Expansion in vitro had profound effects on granulosa cell characteristics. Steroid and inhibin production were rapidly switched off during expansion and the expression of FSH receptors was quickly down-regulated in both kinds of cells investigated, showing that in vitro granulosa cells modify their original functional conditions. Apart from the study of steroidogensis as a mean to characterize these cells, we investigated estradiol production for the favourable implications that this steroid might have on the process of osteogenesis [28] [29] [30] . If a significant production of estradiol had been retained by th e cells, it could have locally potentiated osteogenic differentiation and new bone formation thus improving the regenerative capacity of granulosa cells. Unfortunately this was not the case; steroid production ceased in vitro and the block was even more complete after inducing osteogenic differentiation.
By contrast, expansion did not substantially affect the expression of sternness markers.
After expansion most of the cells expressed Nanog, TERT and Sox2 and a detailed cytological examination confirmed that the factors were selectively localised within the nucleus, condition required for these factors to express their function [31] . This demonstrates that granulosa cells not only can be collected in large numbers but tha t they can also be amplified in vitro without losing their regenerative potential.
This somehow contrasts with the reduced expansion capacity reported for human purified
LGC [17] . In this investigation the Authors found that granulosa cell, preliminarily purified on the basis of FSH receptor expression, a parameter unrelated to the sternness properties of these cells, had a limited survival in vitro, not exceeding 10 days, but this limit could be overcame by the addition of LIF to the culture medium. In our culture systems, characterised by the presence of EGF and by 20% FCS the cells retained their proliferation at a constant rate for the 20-25 days of the expansion.
Beyond confirming the expression of sternness markers in granulosa cells isolated from the pig model, this work was designed to identify the kind of follicle that may provide the granulosa cells with higher osteo-regenerative potential in order to provide useful information for translating the use of these cells from the bench to the clinics.
This question was raised by the consideration that oocyte retrieval for ART, which offers a precious opportunity to collect granulosa cells, is frequently carried out from preovulatory follicles few hours before ovulation [32, 33] . In these cases, as reported for human LGC [17] , the follicles are punctured well after the gonadotropin treatment that mimic the LH pre-ovulatory surge, i.e. shortly before ovulation. Preovulatory gonadotropin surge causes a dramatic change in the overall follicular function and, in particular, triggers the final differentiation phase of granulosa cells that culminates with their transition into luteal cells [32, 33] . Since the rationale underlying this research is to take advantage of the ability of granulosa cells to transdifferentiate into a different cell type" we were wondering whether granulosa cells taken before the surge, i.e. before starting this final step of differentiation, might have better transdifferentiation capacity. In add ition LGC might have an impaired expansion potential since the gonadotropin surge causes the abrupt exit of granulosa cells from the cell cycle [32, 33] . Therefore luteinising granulosa, at a final stage of differentiation and in a condition of cell cycle block, may not express the best staminality that these cells could offer.
To this aim we gave particular emphasis to the definition of the two phases of follicle development that we were interested in, namely antral follicle before and after the gonadotropin surge, i.e. growing healthy follicles and luteinising follicles. The high progesterone production and the presence of cumulus oophorus expansion as well as the resumption of meiotic maturation by the enclosed oocytes, al lowed to confirm that hCG injected in eCG primed gilts, did mimic the preovulatory gonadotropin surge and produced luteinising follicles, while, on the other hand, the absence of these indicators allowed us to exclude that animal treated only with eCG had had an undesired premature endogenous gonadotropin surge triggered by increasing oestrogen levels and, therefore, that their follicles were true pre-gonadotropin surge follicles. 
